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ABSTRACT Theacquisition,delivery,andincorporationofmetalsintotheirrespectivemetalloproteinsareimportantcellular
processes.Theseprocessesaretightlycontrolledinordertopreventexposureofcellstofree-metalconcentrationsthatcould
yieldoxidativedamage.Copper(Cu)isonesuchmetalthatisrequiredasacofactorinavarietyofproteins.However,whenpres-
entinexcessiveamounts,Cuistoxicduetoitsoxidativecapability.Cytochrome coxidases(Coxs)areamongthemetallopro-
teinswhoseassemblyandactivityrequirethepresenceofCuintheircatalyticsubunits.Inthisstudy,wefocusedontheacquisi-
tionofCuforincorporationintotheheme-Cubinuclearcenterofthe cbb3-typeCox(cbb3-Cox)inthefacultativephototroph
Rhodobacter capsulatus. Genetic screens identiﬁed a cbb3-Cox defective mutant that requires Cu2 supplementation to produce
anactivecbb3-Cox.Complementationofthismutantusingwild-typegenomiclibrariesunveiledanovelgene(ccoA)requiredfor
cbb3-Coxbiogenesis.IntheabsenceofCcoA,thecellularCucontentdecreasesand cbb3-Coxassemblyandactivitybecomedefec-
tive.CcoAshowshomologytomajorfacilitatorsuperfamily(MFS)-typetransporterproteins.Membersofthisfamilyareknown
totransportsmallsolutesordrugs,butsofar,noMFSproteinhasbeenimplicatedin cbb3-Coxbiogenesis.Theseﬁndingspro-
videnovelinsightsintothematurationandassemblyofmembrane-integralmetalloproteinsandonahitherto-unknownfunc-
tion(s)ofMFS-typetransportersinbacterialCuacquisition.
IMPORTANCE Biogenesisofenergy-transducingmembrane-integralenzymes,likethehemecopper-containingcytochrome coxi-
dases,andtheacquisitionoftransitionmetals,likecopper,astheircatalyticcofactorsarevitalprocessesforallcells.Thesewide-
spreadandwell-controlledprocessesarepoorlyunderstoodinallorganisms,includingbacteria.Defectsintheseprocesseslead
toseveremitochondrialdiseasesinhumansandpoorcropyieldsinplants.Inthisstudy,usingthefacultativephototroph Rho-
dobacter capsulatus as a model organism, we report on the discovery of a novel major facilitator superfamily (MFS)-type trans-
porter(CcoA)thataffectscellularcoppercontentand cbb3-typecytochromecoxidaseproductioninbacteria.
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C
ells require copper (Cu) as a cofactor for many metallopro-
teins,includingcytochromecoxidases(Coxs)(1),superoxide
dismutases (2), and multicopper oxidases (3). Among them, Cox
enzymes terminate the electron transfer chains of aerobic organ-
ismsbycatalyzingthefour-electronreductionofdioxygen(O2)to
waterduringrespiration.Cuisanessentialcatalyticandstructural
cofactorofthisimportantenergytransductionenzyme(1),butan
excess amount of it is toxic, as it can activate O2 via the Fenton
reaction to generate dangerous reactive oxygen radicals (4, 5).
Indeed,itsshortageorsurplusleadstoseverehumanillnesses,like
Menkes, Wilson’s, and Alzheimer’s diseases (6–9). Thus, cells
needtopreciselycontrolCuacquisition,trafﬁcking,andincorpo-
ration into the target proteins.
Cox enzymes have a conserved catalytic subunit (i.e., subunit
I) that contains a low-spin heme and a binuclear metal center,
composed of a high-spin heme Fe and a Cu atom (i.e., CuB) (10).
They also have additional subunits: the mammalian mitochon-
drial enzyme contains 13, whereas the bacterial Cox has 3 or 4
subunits in total (11). Subunit II is the primary electron acceptor
and harbors extra cofactors, like another binuclear Cu center
(CuA)inthemitochondrialaa3-typeCox(10,11).Inthebacterial
cbb3-typeCox(cbb3-Cox),whichisimportantforaerobicrespira-
tion, the onset of photosynthesis, rhizobial symbiosis, and patho-
genesis in various species (12–14), subunit II contains covalently
bound hemes instead of a CuA center. The presence of various
cofactorsrendersCoxbiogenesisacomplexprocess.Synthesisand
maturation of individual subunits, their insertions into the mem-
brane, and assembly of mature subunits into active enzymes are
coordinated temporally and spatially (15). Regulated expression
ofthesubunitsandaccurateinsertionofthecofactorsduringbio-
genesis are required to control the concentration of potentially
toxic, free redox-active cofactors or reactive assembly intermedi-
ates (5).
ThepurplenonsulfurfacultativephototrophicbacteriumRho-
dobacter capsulatus contains only two terminal O2 reductases, a
cbb3-Cox and a hydroquinone oxidase (Qox), that allow cells to
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Cox (16). Unlike in many other bacterial species, cbb3-Cox is the
only Cox in this species, making it an organism of choice for in-
vestigating cbb3-Cox biogenesis. The R. capsulatus cbb3-Cox has
four subunits encoded by the ccoNOQP operon and, like all Cox
enzymes, contains a heme CuB catalytic center located in subunit
I(CcoN).ItnaturallylacksaCuAcenter;hence,theonlyCuatom
is that of the CuB center. Instead of a CuA center, cbb3-Cox con-
tains two membrane-bound c-type cytochrome subunits: the
monoheme cytochrome c (CcoO or cytochrome co) and the di-
heme cytochrome c (CcoP or cytochrome cp) as subunits II and
III, respectively (17). Both CcoO and CcoP are required for elec-
tron transfer from the electron donor cytochromes c (i.e., cyto-
chromes c2 and cy) to the heme CuB center at CcoN. The enzyme
also has a fourth subunit (CcoQ) without any cofactor, but its
absence hardly affects the enzymatic activity (18, 19).
Currently, a number of components involved in mitochon-
drial Cox biogenesis are known, and several of them are linked to
human diseases (20–22). A smaller number of biogenesis compo-
nents have been identiﬁed so far in the case of bacterial cbb3-Cox.
Earlier genetic screens for loss of Cox activity identiﬁed several
genes affecting cbb3-Cox biogenesis, including ccoGHIS (23), ol-
sAB (24), and senC (25, 26). Recent proteomic approaches also
associated dsbA and degP (27) with this process. However, many
of the components and steps governing biogenesis of an active
cbb3-Cox still remain undeﬁned. In particular, those involved in
forming the universally conserved heme CuB binuclear center of
Coxenzymesareunknown.Inthiswork,wereportonthemolec-
ularcharacterizationofacbb3-Cox-defectivemutantthatrequires
Cu2 supplementation to produce an active cbb3-Cox. This mu-
tant unveiled a novel transporter, CcoA, of the major facilitator
superfamily(MFS),whoseabsencegreatlydiminishesthelevelsof
intracellular Cu content and active cbb3-Cox in R. capsulatus.T o
our knowledge, CcoA is the ﬁrst example of an MFS-type trans-
porterrequiredforefﬁcientCuacquisitionandcbb3-Coxproduc-
tion in bacteria.
RESULTS
Cu2 supplement-dependent cbb3-Cox mutants. Previously,
R.capsulatusmutants(e.g.,GK1[seeTableS1inthesupplemental
material]) that exhibited very low or no cbb3-Cox activity in a
growth medium-dependent manner were isolated following mu-
tagenesis with ethyl methanesulfonate (28). These mutants had a
NADI(-naphtholplusdimethylphenylenediamine¡indophe-
nolblueplusH2O)-negative(i.e.,nocbb3-Coxactivity)phenotype
when grown on enriched peptone yeast extract (MPYE) medium
(23) but exhibited a NADIslow (i.e., very low cbb3-Cox activity)
phenotype on minimal (MedA) medium (Fig. 1). Subsequently,
additional similar mutants (e.g., HY70 [see Table S1 in the sup-
plemental material]) were also obtained. Two of these mutants
(GK1 and HY70) were retained for further studies.
Testingofthechemicalconstituentsofdifferentgrowthmedia
indicated that the growth medium-dependent NADI phenotype
of GK1 correlated with the Cu2 content of the medium used
(Fig. 1). Earlier inductively coupled plasma mass spectrometry
(ICP-MS) analyses indicated that, in the absence of CuSO4 sup-
plementationorchemicalchelationofCu,bothMPYEandMedA
lacking Cu (MedA-Cu) media contained approximately 150 nM
Cu2 as a “contaminant,” but the level of bioavailable Cu was
much lower in MPYE medium (23). When Cu2 was omitted
from MedA, which contains 1.5 M CuSO4, GK1 became NADI
minus. Conversely, when MPYE that has no Cu2 supplement
contained 5 M or more CuSO4, GK1 regained a NADIslow phe-
notype (Fig. 1). Membranes of GK1 exhibited ~2% or 15% of the
wild type’s cbb3-Cox activity (monitored as O2 consumption ac-
tivity in the presence of ascorbate and tetramethylphenylene di-
FIG 1 Growth medium-dependent NADI phenotypes of R. capsulatus mutants. The wild-type (MT1131), the ccoNOQP (GK32), the ccoA or ccoA1 (SE8 or
GK1, respectively), and the complemented ccoA/ccoA (SE8/pSE3) strains were grown at 35°C under respiratory conditions on MPYE or MedA media
supplemented with 0, 5, or 10 MC u 2, as indicated. Colonies that contain an active cbb3-Cox (NADI) turn blue immediately (0.5 min) when exposed to
aNADIstain,andthosethathaveno(NADI)orlow(NADIslow)cbb3-Coxactivityremaingreenorbecomeblueruponlonger(10-min)exposuretimes.MedA
withnoCuaddition(MedA-Cu)waspreparedbyomitting1.5MCuSO4fromtheregularMedA(indicatedas1.5M)andMedAwith6.5Mbyadding5M
CuSO4 to the regular MedA (indicated as 0, 1.5, and 6.5, respectively).
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Cu) and MedA (i.e., containing Cu) media, respectively (28). Ad-
dition of metal ions other than Cu2, including Fe3,Z n 2, and
Mn2, or redox-active chemicals, such as cysteine/cystine or oxi-
dized/reducedglutathione,didnotaffecttheNADIphenotypesof
GK1, indicating that cbb3-Cox activity in GK1 responded speciﬁ-
cally to increased exogenous Cu2 availability. Moreover, R. cap-
sulatus structural (ccoNOQP) or assembly (ccoGHIS) genes of
cbb3-Cox (23, 28) or other genes (dsbAB, senC, and olsAB) known
to affect its biogenesis (23, 24, 27) were unable to complement
GK1 or HY70 for a NADI phenotype in the absence of a Cu2
supplement. We therefore surmised that these mutants might re-
veal a novel component(s) involved in cbb3-Cox biogenesis.
New gene responsible for active cbb3-Cox production. The
genethatwasdefectiveinGK1wasidentiﬁedbycomplementation
withchromosomallibrariesthatwereconstructedusingeitherthe
EcoRI or HindIII restriction enzyme. These crosses yielded the
plasmids pSE1 and pSE2, which complemented GK1 to a NADI
phenotype without Cu2 supplementation and carried 8.0-kb
EcoRI and 4.8-kb HindIII fragments, respectively (see Fig. S1A in
thesupplementalmaterial).DNAsequencedeterminationsofthe
end portions of these fragments and their alignments with the
R. capsulatus reference genome (http://www.ncbi.nlm.nih.gov)
identiﬁed the chromosomal region that complemented GK1. The
EcoRIfragmentcontainedsixintactopenreadingframes(ORFs),
annotated as follows: a protein of unknown function (DUF88,
GenBank accession no. RCAP_RCC02189), a heavy-metal-
translocating P-type ATPase (RCAP_RCC02190), a transcrip-
tional regulator of the MerR family (RCAP_RCC02191), a major
facilitator superfamily member (RCAP_RCC02192), DNA-3-
methlyadenine glycosylase II (RCAP_RCC02193), and a phos-
pholipase/carboxylesterase family protein (RCAP_RCC02194).
The HindIII fragment, which was contained within the EcoRI
fragment, carried only the ORFs RCC02190, RCC02191, and
RCC02192 (Fig. S1A). Three derivatives of pSE2 were con-
structed, namely, pSE201, pSE202, and pSE203, which contain
deletions in RCC02190, in RCC02191, and in both, respectively.
All three plasmids complemented GK1 to NADI in the absence
o faC u 2 supplement. Concurrently, the knockout mutants SE4,
SE5, and SE6, with inactive copies of RCC02190, RCC02191, and
bothRCC02190andRCC02191,respectively,wereconstructedby
interposon mutagenesis (see Text S1 in the supplemental mate-
rial). All three mutants showed a NADI phenotype (Fig. S1A).
The plasmids pSE204 and pSE3 contained only RCC02192 (see
Fig.S1Aand-Binthesupplementalmaterial)andcomplemented
both GK1 and HY70, whereas its derivatives with internal dele-
tions in RCC02192, pSE5 and pSE6, were unable to do so (see
Fig. S1B and Table S1 in the supplemental material). These data
showed that RCC02192 was defective in GK1 and HY70.
Chromosomal knockout allele of RCC02192. A chromo-
somal deletion-insertion allele of RCC02192 was obtained using
the gene transfer agent with pSE5 (RCC02192::spe) as a donor
(TextS1),toyieldthemutantSE8(Fig.S1B).LikeGK1andHY70,
SE8 was NADI on media lacking a Cu2 supplement and NA-
DIslow on Cu-containing media. It was fully complemented to a
NADI phenotype in the absence of Cu2 supplementation by
pSE3 but not by pRK-GK1 (Table S1), which carries an identical
chromosomalDNAfragmentderivedfromGK1.Thus,thedefect
in cbb3-Cox activity seen in GK1 and HY70 was conﬁned to
RCC02192, which we subsequently named ccoA to recognize its
role in cbb3-Cox biogenesis. DNA sequencing of appropriate
chromosomal regions encompassing ccoA deﬁned the molecular
bases of the mutation(s) in GK1 and HY70. A single base pair
change (C to T) at nucleotide position 345 of ccoA, converting
FIG 2 Topological model of the CcoA (RCAP_RCC02192) protein. The CcoA protein is predicted to have 12 transmembrane helices, like the MFS-type
transporters. The topology model was drawn by using the TmRPres2D program (64). The mutations present in GK1 and HY70, the motifs similar to the
conserved motifs found in MFS transporters (rectangles), and the metal-binding Mets motifs (ellipses) are also indicated.
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at nucleotide position 257, resulting in an in-frame insertion of a
threonine-alaninedipeptidebetweenpositions86and87ofCcoA,
were found in GK1 and HY70, respectively (Fig. 2).
CcoA belongs to the major facilitator superfamily of trans-
porters. In the R. capsulatus reference genome, ccoA (RCC02192)
is annotated as a protein of the major facilitator superfamily
(MFS).LiketheMFS-typetransporters,CcoAisanintegralmem-
brane protein (predicted to be 405 amino acids), with 12 putative
transmembrane helices split into two subdomains of six helices
each, separated by a large cytoplasmic loop (Transporter Classiﬁ-
cation Database [TCDB], http://www.tcdb.org) (29, 30) (Fig. 2).
ThesetransporterscontaintwohighlyconservedDRXGRRmotifs
between transmembrane helices two-three and eight-nine
(AVYGRR and ARFGRE in CcoA) (31). Remarkably, mutations
that inactivated ccoA in GK1 and HY70 are located near the ﬁrst
motif (Fig. 2), suggesting that this portion of CcoA is important
for its function. A striking feature of CcoA is the presence of sev-
eral Mets motifs (M30SM, M70SSFM, M223ICGM, and
M233NLVM) associated with Cu binding and transport in Ctr-
type Cu importers (32, 33). Earlier, mutating a conserved and
functionallyimportanttyrosineresiduelocatedinthesametrans-
membrane helix as a Mets motif (YFLMLIFMT) was shown to
decrease Cu transport by a Ctr-type Cu importer (33). Remark-
ably, a similar sequence (Y230ALMNLVMT) is also present on the
seventh helix of CcoA (Fig. 2).
Properties of a mutant lacking CcoA. In order to gain mech-
anisticinsightsintohowtheabsenceofCcoAdecreasestheactivity
ofcbb3-CoxinR.capsulatus,wecomparedthetranscriptionlevels
of the ccoNOQP gene cluster between a wild type (MT1131) and
its ccoA derivative (SE8) in the presence and absence of a Cu2
supplement. Total cellular RNA isolated from appropriate strains
grown in MPYE medium with or without a Cu2 supplement
were subjected to reverse transcription-PCR (RT-PCR) using
ccoN-speciﬁc primers (see Materials and Methods). Analyses of
the ampliﬁcation products (Fig. 3A) indicated that the amount of
ccoNmRNAwasslightlylower(~74%ofthewild-typeamount)in
a mutant lacking ccoA. In the presence of a Cu2 supplement,
these amounts further decreased slightly and comparably in the
ccoA mutant and the wild-type strain. The data indicated that the
lack of CcoA had no signiﬁcant effect on ccoN transcription and
thus most likely on the entire ccoNOQP cluster, which is initiated
from a promoter located immediately upstream of ccoN (28).
Next, a transcriptional-translational ccoN::lacZ fusion con-
struct (pXG1) that carried the 220 bp 5= of the ATG start codon
and the ﬁrst 13 amino-terminal codons of ccoN (28) was conju-
gatedtothewild-typestrainMT1131anditsccoAderivativeSE8.
The absence of CcoA decreased roughly 2-fold the amounts of
-galactosidaseactivityproducedinthesestrainsgrowninMPYE
medium without any Cu2 supplement (Fig. 3B). Upon 5 M
Cu2 supplementation, this activity increased slightly and com-
parably in both strains. Thus, neither the transcription nor the
translationinitiationofccoNinR.capsulatuswasabolishedbythe
absence of CcoA, and Cu2 supplementation enhanced it only
marginally.
Thesteady-stateamountsofcbb3-Coxsubunitswereexamined
inmembranesofappropriatestrainsgrownwithorwithoutCu2
supplementation.SubunitIofcbb3-Cox,CcoN,wasmonitoredby
immunoblot analyses using polyclonal anti-R. capsulatus CcoN
antibodies (28). Subunits II and III, CcoO and CcoP, were visual-
ized using SDS-PAGE with tetramethylbenzidine (TMBZ) stain-
ing, which reveals speciﬁcally membrane-bound c-type cyto-
chromes (see Materials and Methods). The amount of CcoN in
SE8 lacking CcoA was much lower than that seen in the wild-type
strain, MT1131, and addition of 5 MC u 2 supplement in-
creased this amount in both strains (Fig. 4A). Similarly, the
amounts of CcoO and CcoP (cytochromes co and cp, respectively)
were lower in the absence of CcoA than in the wild-type strain.
Cu2 supplementation increased these amounts (Fig. 4B), even
though no effect was seen with other cbb3-Cox-unrelated
membrane-bound c-type cytochromes (e.g., cytochromes c1 and
cy). Thus, in the absence of CcoA, the steady-state amounts of the
structural subunits of cbb3-Cox in membranes were highly de-
creased, and Cu2 supplementation palliated this defect(s) par-
tially.
FIG 3 Effects of ccoA mutation on the expression of ccoNOQP structural
genesofcbb3-Cox.(A)ThetoprowshowstheresultsofRT-PCRoftotalRNA
from wild-type (MT1131) and ccoA mutant (SE8) strains grown in MPYE
media supplemented with 0 or 5 MC u 2. The middle row shows 16S rRNA
gene expression, which is not affected by the ccoA mutation, and the bottom
rowshowstheratiosofccoNto16SrRNAgeneexpressionforcomparison.The
intensitiesofthebandsweredeterminedbyImageJsoftware(NIH).Acontrol
PCR omitting reverse transcriptase enzyme was performed in each case to
check for DNA contamination (data not shown). (B) -Galactosidase activi-
ties measured in cell extracts derived from the wild type (MT1131) and ccoA
mutant (SE8) strain carrying the ccoN::lacZ gene fusion, grown by respiration
onMPYEmediawithoutCu2(Cu)orwith(Cu)5MCu 2supplemen-
tation. Control reactions refer to the assays performed with cell extracts from
the wild type and ccoA mutant carrying the pXCA601 plasmid, which con-
tains a promoterless lacZ gene used to construct the ccoN::lacZ fusion. The
assays were performed at least in duplicate, and the activities are presented in
nanomoles of ONPG hydrolyzed per minute per microgram of total proteins.
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branes from cells lacking CcoA was determined using reduced
horse heart cytochrome c (see Materials and Methods). The total
amount of cbb3-Cox activity detected in SE8 lacking CcoA was ~5
to 10% of that seen in the wild-type strain, MT1131 (Fig. 4C).
Uponadditionof5MCu 2supplement,thecbb3-Coxactivityof
SE8 increased to ~20 to 30% of that of MT1131, which was un-
changed under these conditions. As expected, upon complemen-
tation with a plasmid carrying ccoA (e.g., SE8/pSE3), the NADI
phenotypes, steady-state amounts, and activities of cbb3-Cox
reached wild-type levels (Fig. 1 and 4). Therefore, the absence of
CcoA affected a step(s) that was subsequent to transcription and
translation initiation of ccoN during biogenesis of R. capsulatus
cbb3-Cox under respiratory growth conditions. This defect(s) de-
creased drastically the steady-state amount and activity of cbb3-
Cox, and Cu2 supplementation alleviated it partially.
TheabsenceofCcoAdecreasesthetotalCucontentofR.cap-
sulatus cells. In order to determine whether the absence of CcoA
affected the intracellular Cu content, cells grown in MPYE me-
dium with or without 5 MC u 2 supplement were analyzed by
inductively coupled plasma dynamic-reaction cell mass spec-
trometry(ICP-DRC-MS)(seeMaterialsandMethods).Intheab-
sence of a Cu2 supplement, washed and lyophilized cells of SE8
lacking CcoA contained ~20% less Cu than its wild-type parent,
MT1131, whereas the amounts of Fe, Mn, and Zn found in these
strains were unchanged (Table 1). Both wild-type and CcoA-
lackingcellsgrowninthepresenceof5MCu 2containedlarger
amountsofCu,buttheamountfoundintheabsenceofCcoAwas
again ~60% smaller than that seen in the wild-type parent,
MT1131.Thus,intheabsenceofCcoA,theintracellularCuaccu-
mulation in R. capsulatus cells grown by respiration was signiﬁ-
cantly decreased but not completely abolished.
The absence of CcoA does not affect the production of mul-
ticopper oxidase. Rhodobacter species contain, in addition to
cbb3-Cox, other Cu cofactor-containing enzymes, like Cu/Zn su-
peroxidereductase(34)ormulticopperoxidase(laccaseorCutO)
FIG 4 cbb3-Cox subunit proﬁles and enzyme activity in membranes of vari-
ous R. capsulatus strains. Chromatophore membranes derived from the wild-
type (MT1131), ccoNO (GK32), ccoNO/ccoNOQP (GK32/pOX15), ccoA
(SE8), and ccoA/ccoA (SE8/pSE3) strains grown at 35°C under respiratory
conditions on MPYE medium supplemented (Cu) or not supplemented
with 5 M Cu were prepared as described in Materials and Methods. (A)
Immunoblot analysis to deﬁne the amounts of cbb3-Cox subunit I CcoN. Ap-
proximately50gofchromatophoremembraneswereseparatedby12%SDS-
PAGE and treated as described in Materials and Methods, using anti-CcoN
polyclonalantibodies.(B)Comparisonofmembrane-associatedcytochromec
proﬁles of various strains. Approximately 50 g chromatophore membranes
prepared from appropriate strains, grown as described above, were separated
using 16.5% SDS-PAGE, and the c-type cytochromes were visualized using
TMBZ staining as described in Materials and Methods. CcoO and CcoP refer
tosubunitsIIandIIIofcbb3-Cox,andc1andcycorrespondtothecytochrome
c1 subunit of the cytochrome bc1 complex and membrane-attached electron
carrier cytochrome cy, respectively. (C) cbb3-Cox activities of various strains
determined by monitoring the rate of oxidation of reduced horse heart cyto-
chromec,asdescribedinMaterialsandMethods.TheCoxactivityexhibitedby
thewild-typestrain,MT1131(1.5molofcytochromecoxidizedperminand
permgoftotalproteins),wastakenas100todeterminetherelativeamountsof
Coxactivitiesofappropriatestrains.Atleasttwoindependentduplicateswere
performed for each assay.
TABLE 1 Total Cu contents of the R. capsulatus wild type and of the
ccoA strain and its revertants as determined by ICP-DRC-MSb
Strain 5 MC u 2
Relative level of:
Cu Mn Zn Fe
Wild type (MT1131)  100a 100a 100a 100a
 363 111 ND ND
ccoA mutant (SE8)  79 107 101 97
 146 118 ND ND
ccoARev1 (SE8R1)  126 102 101 96
 490 137 ND ND
ccoARev2 (SE8R2)  150 100 93 92
 433 129 ND ND
a A mean value of 12 g Cu, 6.3 g Mn, 34.5 g Zn and 268 g Fe per gr of lyophilized
cells was determined and is referred to as 100% for the wild-type strain grown in the
absence of Cu2 in MPYE medium under respiratory growth conditions.
b For each strain, two sets of independently grown cells were analyzed; for each
measurement, at least two repeats were done, and differences of ~10 to 20% were
observed between the measurements. For a given strain, the absolute amounts of metals
determined varied from culture to culture in MPYE medium, but the trend of metal
contents of different strains remained unchanged between the cultures. In each case, the
mean value of all measurements was presented as a percentage of the value obtained
with the wild-type cells treated under the same conditions, as described in Materials
and Methods.  or  refers to cells grown in the presence or absence of 5 MC u 2
added to MPYE medium.
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tain a Cu/Zn superoxide dismutase but has a twin-arginine trans-
location (TAT) signal sequence containing periplasmic CutO,
which confers resistance to Cu2. Mutants lacking CutO exhibit
increased sensitivity to Cu2 toxicity, and its protective effect is
readilyobservedunderanoxygenicphotosyntheticgrowthcondi-
tions (35). In order to test whether CutO enzyme was defective in
theabsenceofCcoA,theR.capsulatuscutOgene(RCC02110)was
cloned and an insertion-deletion allele (cutO::kan) was con-
structed and introduced into both wild-type R. capsulatus strain
MT1131 and its ccoA derivative SE8 (see Text S1 in the supple-
mentalmaterial).ThesensitivitytoCu2ofacutOsingle(SE15)
and a ccoA cutO double (SE16) mutant (Table S1) was deter-
minedbyaplategrowthinhibitionassay(seeMaterialsandMeth-
ods) and compared to the Cu2 sensitivity of SE8. The sizes of
growth inhibition zones surrounding ﬁlter disks soaked with var-
ious concentrations of Cu2 were determined. As expected, a
cutOmutant(SE15)wassensitivetoCu2underphotosynthetic
growth conditions, unlike the wild-type strain (MT1131). Unlike
the cutO mutant, a ccoA mutant (SE8) was not sensitive to
Cu2, like the wild-type strain (MT1131) (Fig. 5A). Similarly, a
cutOccoAdoublemutantwasnotmoresensitivetoCu2than
a cutO mutant (not shown). Thus, the data inferred that CutO
muststillbefunctionaltoconferCu2toleranceintheabsenceof
CcoA in R. capsulatus.
BypasssuppressorsofccoAarehypersensitivetoCu2.Dur-
ingthecomplementationexperimentsusinggenomiclibraries,we
noticed that GK1 reverted to the NADI phenotype at unusually
high frequencies (~103 to 104) when grown by respiration
withouttheCu2supplement.DNAsequenceanalysesoftheccoA
locusinseveralsuchrevertantsindicatedthattheserevertantsstill
retained the initial mutation (a C-to-T change at position 345 of
ccoA) carried by GK1 and produced cbb3-Cox enzyme (Fig. 5B).
Similar high frequencies of reversion to the NADI phenotype
were observed with SE8, which carried a deletion-insertion allele
of ccoA, suggesting that the revertants restored the ability to pro-
duce cbb3-Cox activity without any need for Cu2 supplementa-
tion, thus bypassing the role of CcoA. Unexpectedly, when tested
for their response to the Cu2 supplement, the ccoA suppressors
SE8R1 [(ccoA::spe)rev1] and SE8R2 [(ccoA::spe)rev2] (see Ta-
ble S1 in the supplemental material) showed hypersensitivity to
Cu2underbothrespiratory(Res)(Fig.5BandC)andphotosyn-
thetic(Ps)(notshown)growthconditions.TheR.capsulatuswild-
type strain MT1131 and its derivative SE8, lacking CcoA, are tol-
erant up to a millimolar concentration of Cu2, but the ccoA
suppressors SE8R1 and SE8R2 were sensitive to micromolar
amountsofaCu2supplementforrespiratorygrowthinhibition.
Indeed, these mutants were partially growth inhibited in MedA
medium containing 1.5 MC u 2 and completely inhibited by
addition of ~25 MC u 2 supplement to MPYE medium. This
hypersensitivitywasspeciﬁctoCu2only,asnosimilareffectwas
seen with other metals, including Fe3,M n 2,Z n 2, and Ag,
and oxidants, such as cystine or glutathione. We therefore con-
cludedthatSE8R1andSE8R2regainedtheabilitytoproducecbb3-
Cox at the expense of decreased tolerance to Cu2 toxicity.
Total intracellular Cu contents of SE8R1 and SE8R2 cells
grown in MPYE medium with and without 5 MC u 2 supple-
mentwerealsodeterminedusingICP-DRC-MSanalyses(seeMa-
terials and Methods). In the absence of a Cu2 supplement, the
total intracellular Cu contents of these mutants were greater than
FIG5 Cu2responseofR.capsulatusstrainslackingCcoAanditsderivatives.
(A) Cu2 sensitivity or resistance phenotypes of the R. capsulatus wild-type
(MT1131),ccoA(SE8),andcutO(SE15)strainsunderanaerobicphotosyn-
thetic growth conditions on MPYE medium were determined as described in
Materials and Methods. Filter paper discs were soaked in 100 M, 1 mM, and
10 mM Cu2, as indicated, and plates were incubated for 2 days under photo-
synthetic growth conditions (Ps) to visualize the growth inhibition zones. (B)
Cytochrome c proﬁles of appropriate R. capsulatus strains grown in enriched
MPYE medium. See Fig. 4B for details. (C) The Cu2 sensitivity or resistance
phenotypesoftheR.capsulatuswild-type(MT1131)andccoA(SE8)strainsand
ccoArevertant1(ccoARev1;SE8R1)and2(ccoARev2;SE8R2)underrespira-
tory growth conditions (Res) on MPYE medium were determined as described
aboveforpanelA,exceptthatﬁlterpaperdiscsweresoakedin10mM,20mM,and
100 mM Cu2,a sR. capsulatus is more tolerant to Cu2 under aerobic growth
conditions. Arrows indicate Cu-resistant derivatives of SE8R1 and SE8R2.
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in the wild-type strain, MT1131 (Table 1). In the presence of a
Cu2 supplement, all strains accumulated larger amounts of in-
tracellular Cu. The levels found in SE8R1 and SE8R2 were much
higher than those seen in the wild-type strain MT1131, although
the intracellular amounts of Mn used as an internal control were
unchanged in all cases (Table 1). Thus, the suppressor muta-
tion(s) bypassed the absence of CcoA by increasing speciﬁcally
intracellularCuaccumulationattheexpenseofcompromisedcel-
lular tolerance to this toxic metal. The molecular basis of this
suppression,whichisbeyondthescopeofthiswork,remainstobe
identiﬁed.
DISCUSSION
Theimpetusbehindthisworkwastounderstandhowcellsassem-
blecatalyticmetalcofactorsintothehemeCuBbinuclearcenterof
Cox,aprocessthatislargelyuncharacterized.UsingR.capsulatus,
we initiated a genetic approach to investigate bacterial Cox bio-
genesis and isolated various cbb3-Cox-defective mutants. In this
work, we focused on mutants that produced an active cbb3-Cox
only upon exogenous Cu2 supplementation. Studies of these
mutants uncovered a novel gene, ccoA, which was distinct from
ccoGHIS (23), senC (26), olsAB (24), and dsbA and degP (27),
knowntoaffectthisprocess.MutantslackingCcoAwereunableto
producenormalamountsofcbb3-Coxactivitybecausethesteady-
state amounts of the subunits of this enzyme were drastically de-
creased in membranes. However, neither the transcription of the
structural genes ccoNOQP nor the translation initiation of CcoN
was abolished in the absence of CcoA, indicating that cbb3-Cox
assemblywasdefective.WhetherccoAaffectsonlycbb3-Coxisnot
known. Its absence does not inactivate the periplasmic Cu-
containing multicopper oxidase CutO in R. capsulatus. The puta-
tiveTATsignalsequenceofCutOsuggeststhatthisenzymemight
acquire its Cu cofactor in the cytoplasm prior to translocation, in
a manner similar to that of its Escherichia coli homologue, CueO
(3).InvestigationofbacterialspeciesthathaveCcoAhomologues,
like R. sphaeroides or Bradyrhizobium japonicum, and that also
produceaa3-Coxmightfurtherelucidateitsroleinthebiogenesis
of other Cox enzymes.
A major ﬁnding of this work was that the ccoA gene encodes a
member of the MFS-type transporters, which have not been im-
plicated hitherto into cbb3-Cox biogenesis in bacteria. Remark-
ably,CcoAhomologueswithMetsmotifsarepresentinmostbac-
teria that contain cbb3-Cox (except the epsilonproteobacteria and
theCytophaga-Flexibacter-Bacteroides[CFB]group)(seeTableS2
in the supplemental material), suggesting that they are important
for the production of this enzyme. How CcoA affects cbb3-Cox
assembly is intriguing. The MFS-type secondary transporters use
theelectrochemicalpotentialdifferencegeneratedbyionorsolute
gradients and transport a diverse range of substrates in and out of
cytoplasm (36). Some MFS proteins have been implicated as im-
porters or exporters of siderophores, including E. coli EntS (37),
Vibrio parahaemolyticus PvsC (38), and Sinorhizobium meliloti
RhtX(39),whichsecreteenterobactin,vibrioferrin,andrhizobac-
tin,respectively.R.capsulatusmutantslackingCcoAproducevar-
iousc-typecytochromesthatrelyonefﬁcientsiderophoretrafﬁck-
ing and Fe supply for heme production, indicating that CcoA is
notinvolvedinFeuptake.Thisisalsosupportedbytheunchanged
intracellular Fe concentration in the CcoA knock out strain (Ta-
ble 1). Instead, several ﬁndings suggest that CcoA is involved in
cellularCuacquisitionforcbb3-Coxassembly.First,mutantslack-
ing CcoA exhibit enhanced cbb3-Cox activity upon increased ex-
ogenous Cu2 supplementation. This enhancement is speciﬁc to
Cu2only,asZn2,Mn 2,orFe 3additionhasnosimilareffects.
Mass spectrometry measurements indicated that in cells lacking
CcoA, only the total Cu (and not Zn, Mn, or Fe) content is lower
than that of a wild-type cell under normal growth conditions.
Upon Cu2 supplementation, cellular Cu content increased in
mutantslackingCcoA,althoughitneverreachedwild-typelevels,
whereasthecellularcontentsofmetalsotherthanCu,likeZn,Mn,
or Fe, remained unaffected. These ﬁndings are consistent with
CcoA being involved in a Cu inﬂux rather than a Cu efﬂux path-
way.ItisnoteworthythatR.capsulatusmutantslackingCcoAstill
contain cellular Cu, indicating that unrelated and currently un-
known Cu acquisition pathways also exist in this species.
Second, mutants lacking CcoA are not more sensitive to Cu2
supplementation than a wild-type R. capsulatus strain under var-
ious growth conditions, suggesting that CcoA is not involved in
Cudetoxiﬁcation,unlike,forexample,theP1B-typeCuexporters
(40–42). Moreover, suppressor mutants that bypass the need for
CcoA to recover cbb3-Cox activity are extremely sensitive to very
small amounts (~25 M) of Cu2 supplement in the medium.
Again, this sensitivity is speciﬁc to Cu2, as these revertants ex-
hibitnormaltolerancetowardsZn2,Mn 2,Fe 3,andevenAg,
known to mimic Cu (42, 43). Mass spectrometry measurements
indicated that in these suppressor mutants, Cu content was simi-
lar to that seen in the wild-type cells, suggesting that the suppres-
sors overcame the function of CcoA by enhancing Cu acquisition
orretention.Indeed,uponCu2supplementation,thesuppressor
mutants accumulated much larger amounts of intracellular Cu
(andnotMn)thanwild-typecells.Basedontheoverallﬁndings,it
is therefore compelling to rationalize that the absence of CcoA
induces an intracellular Cu2 shortage to decrease cbb3-Cox pro-
duction (Fig. 6). Consequently, the availability of an increased
exogenous Cu2 supply or the occurrence of an additional muta-
tion(s) overcomes this shortage to yield normal amounts of cbb3-
Cox at the expense of a cell’s tolerance of Cu, which is compro-
mised.
Bacteriautilizemultipletransporterstoachievethemovement
of metals across the membrane and maintain homeostasis with
metalsinnontoxicconcentrations(44).InthecaseofCu,homeo-
static pathways are multiple and complex (45, 46). For example,
energy-dependent primary transporters of the P1B-type ATPases
are involved in Cu efﬂux from the cytoplasm to the periplasm.
Of these, CopA1-type transporters have high efﬂux rates and are
involvedinCudetoxiﬁcation.Theirexpressionsareinducedbyan
excess of Cu, and their absence induces Cu sensitivity (40, 42, 47,
48). In contrast, CopA2-type transporters, like R. capsulatus CcoI
oftheccoGHISgenecluster,havelowefﬂuxratesandnoroleinCu
toxicity but are involved in cbb3-Cox biogenesis (23, 40). RND
(resistance-nodulation-cell division protein family)-type trans-
porters are also involved in the efﬂux of Cu ions from both the
cytoplasmandtheperiplasmtotheextracellularmilieutodetoxify
cells(49).Clearly,whileCuefﬂuxanddetoxiﬁcationpathwaysare
elaborate, how Cu is imported into the bacterial cytoplasm is less
well known (41, 46). Only a few proteins, including Enterococcus
hirae CopA (48), Pseudomonas aeruginosa HmtA (50), Bacillus
subtilis YcnJ (51), Pseudomonas syringae CopCD (52), the cyano-
bacterial P1B-type ATPases (CtaA and PacS located in the cyto-
plasmic and thylakoid membranes, respectively) (53), and two
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HMA8 of the inner and thylakoid membranes, respectively) (54),
have been implicated in Cu import. In eukaryotic microbes like
Saccharomyces cerevisiae, mainly the plasma membrane-located
Ctr-type transporters are known to import Cu with very high af-
ﬁnity into the cytoplasm (45, 46). So far, no bacterial Ctr homo-
logue has been reported, and until very recently, no MFS-type Cu
transporter was known. Very recently, Beaudoin et al. (56) re-
ported a novel forespore membrane Cu transporter, Mfc1, which
is distinct from the Ctr-type transporters (55) and involved in
meioticandsporulatingcellsofSchizosaccharomycespombe.Mfc1
is a member of the MFS-type transporters, and it functions as a
speciﬁc Cu importer during meiotic differentiation under Cu-
limiting conditions in S. pombe (56). Excitingly, S. pombe Mfc1 is
homologous to R. capsulatus CcoA, has a topology similar to
CcoA’s (with 12 transmembrane helices with cytoplasmic amino-
and carboxyl-terminal ends), and contains other landmarks of
MFS-type transporters. Moreover, both Mfc1 and CcoA contain
the Mets motifs (MXM, MXXM, and MXCXM) involved in Cu
transport.TheCu2importerfunctionofMfc1wasestablishedby
direct-transport assay using radioactive 64Cu and by observation
ofitsabilitytocomplementappropriateS.cerevisiaemutantslack-
ing the known Cu-importing Ctr-type transporters. The similar-
itiesfoundbetweenCcoAandMfc1suggestthatCcoAalsoactsas
A
B
C
FIG6 Hypothetical model of how CcoA affects cellular Cu content and the production of cbb3-Cox in R. capsulatus. (A) A wild-type strain (MT1131) requires
CcoA to produce normal amounts of active cbb3-Cox and exhibits tolerance to Cu2. (B) In the absence of CcoA (SE8), cbb3-Cox formation is abolished and
intracellular Cu amounts are decreased, but cells remain tolerant to Cu2. (C) The absence of CcoA can be suppressed by a second mutation(s), referred to as
ccoARevX(e.g.,SE8R1orSE8R2),thatrestorestheproductionofactivecbb3-CoxattheexpenseofincreasedintracellularCuamountsandrenderscellssensitive
to Cu2.
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in some methane-oxidizing bacteria (methanotrophs), Cu is im-
ported into the cytoplasm, which is associated with siderophore-
like molecules (called chalkophores or methanobactins) (57, 58),
and whether CcoA-mediated Cu acquisition involves additional
compounds (59) needs investigation.
In summary, our ﬁndings establish for the ﬁrst time that the
MFS-type transporter CcoA is required for maintaining normal
amounts of intracellular Cu and cbb3-Cox in R. capsulatus and
possiblyinotherbacterialspecies.Futureworkwillhopefullyelu-
cidate the links between CcoA, cellular Cu acquisition, and cbb3-
Cox biogenesis.
MATERIALS AND METHODS
Strains, culture conditions, phenotypes, and molecular genetic tech-
niques. Detailed descriptions of strains, culture conditions, phenotypes,
and molecular genetic techniques used in this study are presented in the
supplemental material (Text S1).
Cu2 sensitivity assays. Strains to be tested for Cu2 sensitivity were
grown to the exponential phase (optical density at 630 nm [OD630]o f
~0.5) in MPYE medium under appropriate growth conditions. Cells for
respiratory (1.7  107 cells) and photosynthetic (2.6  107 cells) growth
conditions(estimatedwith1.0OD630unitequalto7.5108R.capsulatus
cellsperml)wereaddedto4mlofthesamemediumcontaining0.7%top
agarandpouredontopofregularplatescontaining10mlmedium.What-
man 3 MM paper discs (3 mm in diameter), soaked with 8 l per disc of
desired concentrations of CuSO4 solution, were placed on the surfaces of
the plates after solidiﬁcation of the top agar. Plates were incubated under
the desired growth conditions and scanned at the end of incubation pe-
riod, and the sizes of the growth incubation zones exhibited by different
mutants were measured to estimate their responses to CuSO4 toxicity.
Each assay was repeated at least three times.
RNA isolation and RT-PCR. R. capsulatus cultures were grown semi-
aerobically in MPYE medium until mid-log phase (OD630 of approxi-
mately0.5),andtotalRNAwasisolatedfromabout2108cellsusingthe
Qiagen RNeasy minikit, digested with DNase I for 25 min at room tem-
perature, and ethanol precipitated. Fifty nanograms of total RNA was
used per RT-PCR with the Qiagen OneStep RT-PCR kit, and the ccoN
BHK20B (5= CCAGTCGGGCAGCGCGGTAT 3=) and N3-RT (5= CGGC
AACGGGATGCTGAACTTC3=)primersampliﬁeda652-bp-longregion
internal to ccoN that corresponds to positions 299 and 972 of ccoN. The
primers 16SrRNA-F (5= ATATTCGGAGGAACACCAGTGGC 3=) and
16SrRNA-R (5= CAGAGTGCCCAACTGAATGATGG 3=) were used as a
controlforampliﬁcationofa450-bpregionofthe16SrRNAgene.Ineach
case, RT-PCR controls were prepared by omitting the reverse transcrip-
tase enzyme from the reaction mixture, the ampliﬁcation products were
separated using 1% agarose gels, and their intensities were compared by
ImageJ (NIH).
Cellextractpreparation.Cellsweregrownin10mlofMPYEmedium
by respiration and harvested at 4,000 pm for 10 min. Pellets were resus-
pendedin200lofCellLyticB2celllysissolution(SigmaInc.)supple-
mented with 1 mM phenylmethylsulfonyl ﬂuoride (PMSF), 10 mM
EDTA, 50 g lysozyme, 20 g DNase, and 10 mM MgCl2, incubated at
room temperature for 15 min, and centrifuged at 14,000 rpm for 10 min.
Supernatants thus obtained were taken as whole-cell extracts. Intracyto-
plasmic membrane vesicles (chromatophore membranes) were prepared
in 50 mM MOPS (pH 7.0) containing 100 mM KCl and 1 mM PMSF as
described earlier (17). Protein concentrations were determined using the
bicinchoninic acid assay according to the supplier’s recommendations
(Sigma Inc.; procedure TPRO-562).
Enzyme activity measurements. Cytochrome c oxidase activity was
measured spectrophotometrically using reduced horse heart cytochrome
c (Sigma, St. Louis, MO) in a stirred cuvette at 25°C. Horse heart cyto-
chromecwasreducedbyincubationfor15minatroomtemperaturewith
a 1 mM ﬁnal concentration of fresh sodium dithionite (100 mM stock
solution), which was then removed using a PD10 desalting column (GE
Healthcare Life Sciences). R. capsulatus chromatophore membranes were
detergentsolubilizedwith1mg(wt/wt)dodecyl-d-maltosidepermgof
membrane proteins added to the assay buffer (10 mM Tris-HCl, pH 7.0,
120mMKCl,and25Mreducedcytochromec).Theenzymaticreaction
was started and stopped by the addition of solubilized membranes and
100MKCN,respectively.Thelinearrangeoftheassaywascontrolledby
using different amounts of solubilized membranes, and KCN-sensitive
Cox activity was calculated as micromoles of cytochrome c oxidized per
milligram of membrane protein per minute using an absorption coefﬁ-
cient (550) of 20, as described earlier (17, 60). The -galactosidase activ-
ities of whole-cell extracts prepared using 10-ml cultures of appropriate
strains were measured spectrophotometrically at 420 nm using
o-nitrophenyl galactoside (ONPG), as described earlier (23), and speciﬁc
activity in nanomoles of ONPG hydrolyzed per minute per milligram of
protein was determined using an absorption coefﬁcient (420)o f
21,300 M1 cm1.
SDS-PAGE, immunoblotting, and heme staining. For CcoN immu-
nodetection, chromatophore membrane proteins (50 g) in 62.5 mM
Tris-HCl (pH 6.8), 2% (wt/vol) SDS, 25% (vol/vol) glycerol, 0.01% (wt/
vol) bromophenol blue, and 5% -mercaptoethanol were incubated at
roomtemperaturefor15minpriortobeingloadedandwereseparatedby
12% SDS-PAGE (61). The gels were electroblotted onto Immobilon-P
polyvinylidene diﬂuoride (PVDF) membranes (Millipore, Billerica, MA)
and probed with R. capsulatus CcoN rabbit polyclonal antibodies (28).
Alkalinephosphatase-conjugatedmonoclonalanti-rabbitIgG(cloneRG-
16) was used as the secondary antibody (Sigma-Aldrich, Saint Louis,
MO), with BCIP (5-bromo-4-chloro-3-indolylphosphate)-nitroblue
tetrazolium (NBT) as a substrate (Sigma-Aldrich, Saint Louis, MO) for
the detection. For detection of the c-type cytochromes, ~50 g of total
membraneproteinswasseparatedby16.5%SDS-PAGE(62),andthegels
were stained for endogenous peroxidase activity of the c-type cyto-
chromes by using 3,3=,5,5=-tetramethylbenzidine (TMBZ) and H2O2
(63).
DeterminationofcellularCucontentbyICP-DRC-MS.Thecellular
Cucontentsofvariousstrainsweredeterminedusinginductivelycoupled
plasma-dynamicreactioncell-massspectrometry(ICP-DRC-MS).Inthis
technique, aliquots of sample digestions are introduced into a radio fre-
quency plasma where energy transfer processes cause desolvation, atom-
ization, and ionization. The ions thus formed are extracted from the
plasmaviaadifferentiallypumpedvacuuminterfaceandtravelthrougha
pressurizedchamber(DRC)containingaspeciﬁcreactivegasthatprefer-
entially reacts with interfering ions of the same target mass-to-charge
ratios (m/z). A solid-state detector detects ions transmitted through the
massanalyzeronthebasisoftheirmass-to-chargeratios,andtheresulting
current is processed by a data handling system. For sample prepara-
tion, at least 1 h prior to use, all containers, glassware, and tubes were
washedwith2%nitricacidandrinsedwithmetal-freeMilli-Qwaterto
prevent metal contamination. Metal-free water and buffers were pre-
paredbystirringthemfor1hatroomtemperaturewith5gChelex100
per liter. For each strain, a 1-liter culture was grown by respiration in
MPYE medium to an OD630 of 0.8 to 0.9, and cells were harvested by
centrifugation and washed three times with a metal-free buffer of
20mMTris-HCl,pH8.0,andoncewithmetal-freeMilli-Qwater.Cell
pelletswerelyophilizeduntilcompletedrynessandshippedtoApplied
Speciation and Consulting, LLC (WA), for determination of total Cu,
Zn, Mn, and Fe contents. Fifty milligrams of lyophilized cells was
digested completely with aliquots of concentrated HNO3 and H2O2 at
95°C. The digests were diluted to a known ﬁnal volume (50 ml) with
metal-free reagent water and analyzed via ICP-DRC-MS according to
astandardprocedureofthiscompany.Thedatawereprovidedingof
metal of interest per g of cells (ppm).
Chemicals. All chemicals were of reagent grade and were obtained
from commercial sources.
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